Apoptosis is a highly regulated process of programmed cell death essential for normal physiology. Dysregulation of apoptosis contributes to the development and progression of various diseases, including cancer, neurodegenerative disorders, and chronic heart failure. Quantitative noninvasive imaging of apoptosis in preclinical models would allow for dynamic longitudinal screening of compounds and facilitates a more rapid determination of therapeutic efficacy. In this study, we report the in vivo characterization of Z-DEVD-aminoluciferin, a modified firefly luciferase substrate that in apoptotic cells is cleaved by caspase-3 to liberate aminoluciferin, which can be consumed by luciferase to generate a luminescent signal. In two oncology models, namely SKOV3-luc and MDA-MB-231-luc-LN, at 24, 48, and 72 h after treatment with docetaxel, animals were injected with Z-DEVD-aminoluciferin and bioluminescent images were acquired. Significantly more light was detected at 24 (Po0.05), 48 (Po0.01), and 72 h (Po0.01) in the docetaxel-treated group compared with the vehicle-treated group, with caspase-3 activation at these time points confirmed using immunohistochemistry. Importantly, whereas significant differences between groups were detected as early as 24 h after treatment by molecular imaging, caliper measurements were unable to detect a difference for 4-5 additional days. Taken together, these data show that in vivo imaging of apoptosis using Z-DEVD-aminoluciferin could provide a sensitive and rapid method for early detection of drug efficacy, which could potentially be used by numerous therapeutic programs.
Apoptosis is a highly regulated process of cell death inherent in all cells in the body and therefore is often referred to as 'cell suicide'. Upon activation, the apoptotic program executes a well-characterized sequence of events by which the cell undergoes DNA fragmentation and proteolysis, thus culminating in its death. Caspases have a central role in mediating the initiation and propagation of programmed cell death. 1 To date, 14 mammalian caspases have been identified, and caspases involved in apoptosis can be broadly divided into initiator or effector caspases. Each caspase remains in an inactive procaspase form in the normal cell, and upon apoptotic stimuli becomes activated and cleaves its cellular substrates by binding to a small peptide sequence.
As the dysregulation of apoptosis contributes to the development and progression of various diseases including cancer, neurodegenerative disorders, and chronic heart failure, the ability to noninvasively image caspase activation would provide an opportunity to evaluate therapeutic interventions longitudinally in living animals using various disease models. In oncology, for example, the majority of cytotoxic chemotherapeutic agents that induce apoptosis and defects in the apoptotic cascade are known to contribute to drug resistance and ultimately may lead to treatment failure. [2] [3] [4] In neuroscience, evidence suggests that reactivation of programmed cell death in dopaminergic neurons of the substantia nigra pars compacta in adulthood may contribute to the onset of Parkinson's disease. 5 Furthermore, many studies have reported extensive neuronal and glial apoptosis after injury to the central nervous system. 6 Apoptosis is also an important process fundamental to many diseases of the cardiovascular system, including chronic heart failure, atherosclerotic vascular disease, and myocardial ischemia and reperfusion injury. 7 Therefore, development of imaging probes targeting cells undergoing apoptosis may allow evaluation of therapeutic efficacy in a wide range of preclinical applications.
Recently, there has been a considerable increase in the availability of new imaging technologies to noninvasively detect biological processes in small animal models. [8] [9] [10] One such modality, optical imaging, comprises using bioluminescent and fluorescent reporters or probes and has evolved to enable observation of disease burden and progression in various therapeutic models, as well as to facilitate rapid monitoring of molecular events occurring within cells. 11, 12 Several recent reports have described the development of fluorescent and/or bioluminescent reporter constructs that specifically allow monitoring of caspase activation in vivo. These molecular imaging studies have mainly focused on generating cells that express a modified reporter protein, commonly a fusion protein or a split luciferase protein complementation strategy [13] [14] [15] that takes advantage of the specificity of caspases to cleave exclusively after aspartic acid residues and, in particular, the DEVD (aspartic acid-glutamic acid-valine-aspartic acid) tetrapeptide sequence, which is optimal for apoptotic effector caspases-3 and -7. 16, 17 In these models, light production is silenced unless the cell is undergoing apoptosis, at which time activated caspase liberates the reporter.
In this study, we adopt an alternate approach by using intact firefly luciferase and a modified firefly luciferase substrate, Z-DEVD-aminoluciferin. This substrate has been previously characterized and is currently widely used as an in vitro reporter for apoptosis. [18] [19] [20] However, experiments to date have failed to transition this probe in vivo without acute toxicity to the animal. 21 Using chemical material purified for in vivo use, we report a successful formulation of Z-DEVD-aminoluciferin that is well tolerated in vivo after multiple doses and enables quantification of apoptosis noninvasively in two oncology models. In addition, use of this probe enabled an earlier determination of drug efficacy than using traditional methods. Importantly, because this apoptosis probe requires no modification of existing firefly luciferase-expressing cell lines or transgenic animals, it should facilitate rapid evaluation of preclinical efficacy of experimental therapeutic agents in various disease states.
Results
In vitro bioluminescent imaging of docetaxel-induced apoptosis. Z-DEVD-aminoluciferin, a proluminescent caspase-3/7 substrate, has been successfully used for in vitro assessment of caspase-3 or caspase-7 activity. [18] [19] [20] Specific cleavage of the DEVD peptide by caspase-3/7 liberates free aminoluciferin, which is consumed by the luciferase, generating a luminescent signal that is proportional to activity. Docetaxel is a microtubule-disruptive apoptotic agent commonly used as chemotherapy medication to treat various cancer indications, and has previously been shown to be a potent activator of caspase-3/7 in human mammary (MDA-MB-231) and ovarian (SKOV3) adenocarcinoma cell lines. [22] [23] [24] To image docetaxelinduced apoptosis in vitro, 150 mM of Z-DEVD-aminoluciferin was added to luciferase-expressing derivatives of these cell lines treated with a range (1-4000 nM) of docetaxel concentrations for 48 h. Luminescent images were acquired using a Xenogen IVIS Spectrum imaging system (Caliper Life Sciences, Hopkinton, MA, USA), and activation of caspase-3/7 was quantified. Representative images for MDA-MB-231-luc-LN cells are shown in Figure 1a . Increasing luminescent signal corresponded to higher docetaxel concentrations, reflecting elevated caspase activation. As a measure of cell viability, 150 mM of aminoluciferin was added to a parallel set of cells. Luminescent signal decreased with increasing docetaxel concentrations, reflecting increasing apoptosis and cell death. When the luminescent signal in each well was quantified, both aminoluciferin and Z-DEVD-aminoluciferin yielded similar cellular EC 50 values (2.48 and 2.02 nM, respectively; Figure 1b) , which is consistent with previously reported values. 25 Probe specificity was demonstrated by treating MDA-MB-231-luc-LN cells with doxorubicin, which induced cell death in this cell line through a caspase-3-independent mechanism, and therefore generated no bioluminescent signal after addition of the Z-DEVDaminoluciferin substrate (Supplementary Figure 1) .
Pharmacokinetics of Z-DEVD-aminoluciferin. Unlike the DEVD peptide or aminoluciferin, both of which are freely soluble in water, the Z-DEVD-aminoluciferin construct demonstrated a strong tendency toward aggregation at high concentrations required for in vivo imaging which could only be forestalled by DMSO. In the presence of 5% DMSO, a mixture of polyethylene glycol 400 (PEG400) and polysorbate 80 could achieve solubility at high concentrations. Female severe combined immunodeficient (SCID) mice were dosed with Z-DEVD-aminoluciferin intravenously (150 mg/kg) or intraperitoneally (i.p., 500 mg/kg), and blood was harvested for more than 2 h for pharmacokinetic analysis (n ¼ 3 mice per time point). Z-DEVD-aminoluciferin was rapidly absorbed from the peritoneum, with a C max value of 149 mM, and was rapidly cleared from plasma (t 1/2 ¼ 7.2 min) ( Figure 2 ). Furthermore, Z-DEVD-aminoluciferin had a volume of distribution (V d ) equating to total body water, suggesting that the probe freely crosses cell membranes. Importantly, no toxicity was observed after multiple daily doses of Z-DEVD-aminoluciferin at 500 mg/kg. All these are ideal characteristics for an in vivo imaging probe.
In vivo bioluminescent imaging of docetaxel-induced apoptosis. To evaluate Z-DEVD-aminoluciferin in vivo, SKOV3-luc cells were inoculated subcutaneously into the flank of female SCID mice and tumors were allowed to establish. Animals were size matched into two groups (n ¼ 3 per group) and bioluminescent images were acquired after i.p. injection of mice with 150 mg/kg of luciferin. Mice were then treated intravenously with 60 mg/kg of docetaxel or vehicle. At 24, 48, and 72 h after treatment, animals were injected daily with 500 mg/kg Z-DEVD-aminoluciferin i.p., and bioluminescent images were acquired every minute for 1 h. A parallel set of animals was treated identically and tumors were collected for immunohistochemical analysis.
In vivo luciferase activity was quantified using region-ofinterest (ROI) analysis of the bioluminescent images acquired before treatment with luciferin and after treatment using Z-DEVD-aminoluciferin. Representative images of both treated and untreated groups at each time point are shown in Figure 3a . As expected, after size matching, the pretreatment images using luciferin demonstrate equivalent amount of luminescent signal originating from the tumor in both groups.
Data acquired from images using the Z-DEVD-aminoluciferin substrate indicate that significantly more light was detected at 48 and 72 h (Po0.05) in the docetaxel-treated group than in the vehicle-treated group (Figure 3b ). Similar to in vivo luciferin kinetics, 10-20 min post Z-DEVD-aminoluciferin injection yielded the highest fold increase, ranging from two to threefold, and provided proof-of-concept validation for the use of this probe to monitor apoptosis in vivo. As shown in Figures 3c and d , docetaxel induced activation of caspase-3 in SKOV3-luc tumors as early as 24 h after treatment, which remained activated at 48 and 72 h, compared with vehicletreated tumors. Representative H&E and luciferase immunohistochemistry staining is also shown, confirming luciferase expression in tumor cells.
To confirm these results in an additional model with an expanded number of animals, MDA-MB-231-luc-LN cells were inoculated subcutaneously into the flank of female SCID mice and tumors were allowed to establish. After size matching on the basis of tumor volume, mice (n ¼ 8 per group) were treated and imaged in a similar manner as described above, with additional tumors harvested for immunohistochemical analysis. ROI analysis was completed on the bioluminescent images before treatment using luciferin and after treatment using Z-DEVD-aminoluciferin. Representative images of both treated and untreated groups at each time point are shown in Figure 4a . Similar amounts of signal were detected in all mice before treatment using the luciferin substrate. However, daily administration of the Z-DEVDaminoluciferin substrate resulted in significantly more light detected at 24 (Po0.05), 48 (Po0.01), and 72 h (Po0.01) in the docetaxel-treated group compared with the vehicletreated group (Figure 4b ). Similar to the pilot study described above, 10-20 min post Z-DEVD-aminoluciferin injection again yielded the highest fold increase in bioluminescent signal. As shown in Figures 4c and d , docetaxel induced activation of caspase-3 in these tumors by 24 h after treatment, which increased at 48 and 72 h, compared with vehicle-treated tumors. Representative H&E and luciferase IHC staining is also shown, confirming luciferase expression in this tumor type. Taken together, these studies confirm that Z-DEVDaminoluciferin can be used as a sensitive noninvasive bioluminescent in vivo apoptosis probe.
Earlier detection of therapeutic efficacy in vivo using Z-DEVD-aminoluciferin. Of critical importance to drug discovery and development is the need to rapidly assess therapeutic efficacy in vivo. Tumor volume was measured for MDA-MB-231-luc-LN tumor-bearing mice represented in Figure 4 , until each group reached an end point of B2500 mm 3 ( Figure 5a ). Whereas significant differences were detected as early as 24 h after treatment by molecular imaging using Z-DEVD-aminoluciferin, caliper measurements were unable to detect a difference for 4-5 additional days (Figure 5b ). Although the use of this probe significantly shortened the time necessary to determine treatment efficacy in subcutaneous MDA-MB-231-luc-LN tumors, it could provide an even more dramatic improvement in indicating antitumor efficacy in models that are relatively slow growing, as well as provide a method for determining drug efficacy in orthotopic, ectoptic, or systemic 
Discussion
In this study, we report the ability to noninvasively detect caspase-3 activation in response to chemotherapy in two preclinical oncology models. We demonstrate that the modified luciferase substrate Z-DEVD-aminoluciferin can be formulated and well tolerated as an in vivo agent. The two-to three-fold induction of bioluminescent signal at 48 and 72 h after docetaxel treatment in both models is consistent with the two-to four-fold increase in activated caspase-3 as determined by immunohistochemistry. The use of agents that elicit a more robust activation of apoptosis (e.g., TRAIL) in appropriate in vivo model(s) could potentially yield an even larger window of utility, although caspase activation to the degree observed in this study after docetaxel treatment may be more commonplace. Finally, we show that the use of this optical imaging probe can significantly decrease the time required for determining preclinical drug efficacy compared with using traditional methods. To the best of our knowledge, this is the first in vivo report using a bioluminescent apoptosis substrate with long-term animal survival and therapeutic efficacy data.
Recently, there have been several published reports using elegant luminescent reporter systems in preclinical models to detect apoptosis in vivo by optical imaging. One approach has been to create reporter constructs in which luminescent activity is silenced by fusion to other peptide sequences. In one example, two estrogen-regulatory domains were linked on both the amino-and carboxy-terminal end of luciferase with a DEVD cleavage site. 13, 14 Similarly, a multimodality imaging reporter was also recently described to be composed of fluorescent, bioluminescent, and positron emission In vivo apoptosis imaging by Z-DEVD-aminoluciferin J Hickson et al tomography (PET) reporters, separated by DEVD linkers. 26 In both models, under apoptotic conditions, the reporter domains are liberated allowing for light production. Other methods for monitoring apoptosis in vivo have used a reporter protein complementation strategy, such as a split luciferase model. In this system, the amino-and carboxy-terminal domains of luciferase are fused to strongly interacting peptides that are linked by an enzyme-specific sequence. [27] [28] [29] [30] [31] [32] [33] [34] Cleavage of the linker permits the interacting peptides to associate, allowing reconstitution of luciferase activity. Coppola et al. 15 described development of a split firefly luciferase reporter strategy in which DEVD is used as the intervening cleavage sequence and also reported the ability to detect activation of apoptosis in vivo after treatment with chemotherapeutic agents. However, a limitation to these strategies is the relatively large molecular size of the reporters that need to be transfected or transduced into the host cell. In addition, the intensity of luminescent signal can be diminished because of insufficient digestion of the DEVD sequence during apoptosis. Furthermore, as is the case with most protein complementation assays, activity of the combined luciferase is often lower than that of the intact reporter. Another important advantage of using a modified luciferin substrate, such as Z-DEVD-aminoluciferin described in this study, is that any existing cell line or transgenic mouse with firefly luciferase expression can be used immediately without extensive rederivation and characterization of model systems.
Similar strategies for detecting apoptosis in vivo have been adopted using fluorescent reporters. Bardet et al. 35 described the design of a reporter system that involved two fused fluorescent proteins that were linked to a caspase-sensitive site. Upon cleavage, the two moieties became differentially localized because of subcellular localization signals allowing identification of those cells undergoing cell death. Other strategies have focused on using membrane-permeant fluorescent-labeled inhibitors of caspases (FLICA) probe technology. 36 FLICA probes are high-affinity ligands that irreversibly covalently bind to the cysteine at the active center of caspase. 37, 38 Another approach has been to develop fluorescent probes that are capable of selectively recognizing and binding to apoptotic cell membrane features. One such compound, Fl-ApoSense, has successfully been used preclinically for imaging apoptosis-induced cells and tissues in myocardial, cerebral, and renal ischemia models, as well as in oncology models. [39] [40] [41] [42] [43] It is noteworthy that a radiolabeled analog is currently being evaluated as a PET probe in a phase II study to assess the response of metastatic brain tumors to radiotherapy, highlighting how optical imaging probes can prototype clinical PET, single-photon emission computed tomography (SPECT) or magnetic resonance imaging (MRI) probes. 44 Although these and other fluorescent strategies have proved useful in reporting caspase activation in vitro and with tissues ex vivo, they are yet to be fully validated as useful tools for longitudinal in vivo imaging of apoptosis. Furthermore, an intrinsic limitation to any fluorescent probe in vivo, compared with a bioluminescent reporter, is the lower signal-to-noise ratio due in part to the high degree of autofluorescence and low level of tissue penetrance at most wavelengths. As Z-DEVD-aminoluciferin is a bioluminescent reporter, it does not face many of these same challenges.
Although the molecular imaging approach outlined in this study using a bioluminescent probe cannot be directly translated into the clinic, it does have the potential to serve as an important tool for preclinical drug discovery. As we demonstrated, the Z-DEVD-aminoluciferin substrate enabled noninvasive observation of the apoptotic affects of chemotherapy several days before they could be detected through traditional methods. A large majority of the chemotherapeutic agents currently available or under development exert their effect by inducing cellular pathways that lead to programmed cell death. Consequently, this bioluminescent imaging probe has the possibility to be useful to a wide range of therapeutic applications within cancer drug discovery and development. In addition, in vivo optical imaging is uniquely suited for highthroughput evaluation of candidate drugs because of the ease of operation, short acquisition times, and simultaneous measurement of multiple animals as compared with the significantly longer image acquisition time of a single animal with preclinical PET, SPECT, or MRI. Finally, although our initial approach used two cancer models, caspase activation is of critical importance in many other fields. As mentioned above, cellular apoptosis not only has an essential role in normal physiology and development but is also instrumental in a number of disorders, including Parkinson's, Alzheimer's, cerebral ischemia, and many cardiovascular diseases. [5] [6] [7] Therefore, this probe may also have utility in applications across numerous therapeutic targets and research disciplines through the usage of luciferase-expressing cell lines or transgenic animal models specific to these disease states.
Materials and Methods
Cell culture. SKOV3-luc-D3 and MDA-MB-231-luc-D3H2LN were purchased from Caliper Life Sciences (Hopkinton, MA, USA). These cell lines were clonally selected after stable transfection with the pGL3 (Promega, Madison, WI, USA) luciferase and were previously characterized. 45, 46 We cultured SKOV3-luc cells in McCoy's 5A with 10% fetal bovine serum (FBS), 2 mM glutamine, and 0.1 mM nonessential amino acids, whereas MDA-MB-231-luc-LN cells were cultured in MEM with 10% FBS, 2 mM glutamine, 0.1 mM nonessential amino acids, and 1 mM sodium pyruvate (all from Invitrogen, Carlsbad, CA, USA).
In vitro bioluminescent imaging. We treated cells grown in 96-well plates (1 Â 10 4 SKOV3-luc or MDA-MB-231-luc-LN cells per well) with 1-4000 nM docetaxel. After a 48-h incubation period, we added either 150 mM of aminoluciferin or Z-DEVDaminoluciferin to each well and measured luciferase activity using a Xenogen IVIS Spectrum imaging system. Luminescent signal (photons per second) for each well was measured and plotted as average values (experiments conducted in duplicate).
In vivo xenografts. We inoculated female SCID mice (Charles River Laboratories, Wilmington, MA, USA) with 1 Â 10 6 cells subcutaneously in the right flank in a 50 : 50 mixture of cells in growth medium and Matrigel (BD Biosciences). Tumors were allowed to establish to an approximate volume of 250 mm 3 , as determined by caliper measurement (V ¼ L Â W 2 /2). Animals were size matched into treatment groups and were dosed i.p. once with 60 mg/kg of docetaxel or vehicle. All animal studies were conducted in accordance with the guidelines established by the internal IACUC (Institutional Animal Care and Use Committee) of Abbott Laboratories (Abbott Park, IL, USA).
Formulation and delivery of luciferin substrates. Z-DEVDaminoluciferin (VivoGlo Caspase-3/7 Substrate, Promega) was weighed into glass vials and partially dissolved in a mixture of 75% PEG400, 12.5% polysorbate 80, 12.5% DMSO and vortexed to form a slurry. Slurry was diluted 2.5-fold with 5% dextrose in water (D5W), while vortexing to prepare a final formulation consisting of 5% DMSO, 5% polysorbate 80, 30% PEG400, 60% D5W. Z-DEVD-aminoluciferin, at concentrations of up to 62.5 mg/ml, remained in solution for approximately 2-3 h before aggregating. Luciferin was dissolved in PBS at a concentration of 15 mg/ml. We administered Z-DEVD-aminoluciferin and luciferin i.p. at 500 and 150 mg/kg, respectively.
Pharmacokinetic analysis. After Z-DEVD-aminoluciferin administration as described in this study, we collected plasma samples by intracardiac bleeding from three animals at each time point. Plasma proteins were precipitated with two volumes of acidified methanol, removed by centrifugation, and the supernatants were stored at -20 1C until analysis by liquid chromatography-mass spectrometry. Plasma extracts were injected directly on a C18-reversed phase column (YMC-5m, Waters Corporation, Milford, MA, USA) and eluted using a gradient (LC-20 HPLC system, Shimadzu, Kyoto, Japan) from 10 to 90% acetonitrile with 0.1% acetic acid as the aqueous phase at a flow rate of 0.4 ml/min. External standards were prepared on the day of the study and concentrations were determined from the external calibration curve. Pharmacokinetic parameters were calculated using the WinNonlin software (Pharsight, St Louis, MO, USA). Mass spectrometer analysis was performed using an LXQ ion trap (Thermo Electron, Waltham, MA, USA) equipped with ESI and XCalibur software.
In vivo bioluminescent imaging. After i.p. injection of luciferin or Z-DEVDaminoluciferin, we anesthetized the animals (2% isoflurane) and acquired images continuously for 1 h using an IVIS Spectrum. We measured luciferase activity as photons per second for designated regions of interest at 24, 48, and 72 h after treatment.
Immunohistochemical analysis. We fixed tumors in neutral-buffered formalin for immunohistochemical staining for activated caspase-3 (rabbit antiactive caspase-3 at 1 : 400, BD Pharmingen, San Jose, CA, USA) and luciferase (goat antiluciferase at 1 : 1000, Promega). For quantification of activated caspase-3 staining, we used Spectum Plus (Aperio, Vista, CA, USA) color deconvolution software to analyze mosaic images acquired using a Zeiss Axiovision (Zeiss, Oberkochen, Germany) of entire sections of the tumor, excluding necrotic regions.
Statistical analysis. We used two-tailed, unpaired Student's t-test and considered Po0.05 significant.
